Abstract-This paper presents the development of digital simulator tool for sensitivity analysis of ac contactor with respect to voltage sag characteristics. The simulator tool allows varying of the sag characteristics for the purpose of evaluating the behavior of ac contactor under very worst conditions of voltage sags. Describing voltage sag characteristics by their magnitude and duration only without consideration of other parameters is no longer suitable to fully assess the equipments sensitivity. Therefore, this paper presents the necessity to include the point-on-wave of sag initiation and phase shift of sag to explain the sensitivity of ac contactor during sags. From the simulation results, the ride through capability curve is constructed to identify ac contactor sensitivity levels. The curve has demonstrated a rather complex behavior of the ac contactor. By having a simulator tool, ac contactor analysis can be simulated for any type of configurations without having to perform laboratory experiments.
INTRODUCTION
Switching elements are essential for efficient control, isolation, protection and signaling in all electrical systems. Among other applications, contactors make possible to centralized or remote control of motor and other industrial machinery. The most important ac contactors are designed to disconnect the load or circuit they control when the main power is intentionally interrupted. However, problems may occur when ac contactors unnecessarily disconnected during power disturbances even though the load (motor) has a ride through the power disturbances. In order to avoid tripping of a large process, the existence of a significant amount of ac contactor is needed and consideration should also be taken on the characteristics of its sensitivity. This paper focuses on the voltage sag because it is recognized as the most important power quality problems affecting industrial consumers [1] . It can cause the most sensitive equipment to malfunction, thus affecting industrial production process, which leads to revenue loss. The combination of voltage sag and sensitive equipment may cause significant economic impact when resulting in process failure.
Sensitivity of ac contactors to voltage sags is usually expressed as a ride through capability curve, in terms of only one pair of sag magnitude and duration values. These two values are denoted as the threshold values. If the voltage sag is longer than a specific duration threshold and deeper than the specific voltage magnitude threshold, the ac contactor will malfunction. However, the use of magnitude and duration threshold values cannot be applied for the full assessment of ac contactors sensitivity to voltage sag characteristics.
References [2] - [4] report the results of experiment of the sensitivity ac contactor without taking into account all the voltage sag characteristics of influence simultaneously. Therefore, the main focus of this paper is to study the impact of sag magnitude, sag duration, point-on-wave of sag initiation and phase shift of sag simultaneously on ac contactors behavior.
In an ever-growing technology, the task of gathering information on voltage sag characteristics and impact to ac contactor will be impossible if a tool to facilitate this task is not available. According to reference [5] , the behavior of ac contactor is studied by extensive conducted laboratory test. Therefore, this will be the main focus of this paper to propose a simulator tool to analyze the performance of an ac contactor. The successful development of this paper is based on simulation tool using PSCAD/EMTDC software [6] . Through digital simulation sensitivity analysis of ac contactor, the results can explain why an ac contactor failed during specific sag characteristics or predict how well an ac contactor will perform during an actual sag event.
II. AC CONTACTOR

A. General Principle
The ac contactor which are often used to control electrical machines, to establish, support and switch off current in one or more electrical circuits by means of separable contacts. They are used when insulation between the load and power source is needed.
The general principle is very simple, which is when the current from the power supply flows to the coil, the moving magnet (armature) of the electromagnet is attracted to the fixed magnet (frame). The armature is spring loaded so as to cause the armature to move away from the frame when the electric signal is not present on the coil. The armature is also linked to the moving contact and causes the fixed contact to engage and disengage depending on the strength of the magnetic field. The magnetic force will be produced by contactor coil that offsets the spring force and then causes the contact to engage. For discussion purposes we will assume normally close (NC) contacts [7] . The magnetic force must be sufficient to make electrical contacts to remain engaged or else it will be disengaged.
The ac contactor coils have a number of insulated turns of wire in order to give the necessary Ampere Turn (AT) to operate on small current. The coil voltage is an important consideration in designing an ac contactor. The ac contactors are designed to operate with a specific coil voltage but the design also ensures that they will disengage if the coil voltage drops below some level during sag events. The minimum coil voltage required to keep the ac contactor engaged if the ac contactor is already engaged is called the Minimum Steady State Hold-in Voltage (MSSHIV) [8] . The MSSHIV is important because it provides a baseline to compare contactors performance during sag events. Fig. 1 shows the geometry diagram that enables to better understand the functional behavior of ac contactor.
B. Electro-Magnetic Equations
According to reference [9] , the development of ac contactor is based on few mathematical equations as follows:
1) The instantaneous flux
2) The instantaneous magnetic force
Where N = number of winding in the coil I = current flow through the coil l c = the length of magnetic path μ 0 = absolute permeability = m H / 10 4 7 í × ʌ μ r = relative permeability of the coil substances A = the cross sectional area of the air gap For shaded ac contactor, flux for shaded pole, s I will induce the current in the shading ring. The resulting current generates a reaction flux and the net effect is that s I lags the main flux, m I . The vector differences between these two fluxes produce the unshaded flux, P I . The leading and lagging phase shift are given by E and D. Thus, the instantaneous magnetic force shaded ac contactor can be expressed by [10] : 3) The force for shaded ac contactor
Where: Au = area of the unshaded poles u I = unshaded flux As = area of the shaded poles s I = shaded flux ȕ and Į = angle of phase shifts
The development of the ac contactor model is also based on the mechanical proprieties of a real ac contactor. Some of the parameters must be measured from the set of experiment [4] whenever the parameters are not obtainable from the manufacturer's information. The parameters are as follows: 
A. Sag Generator Model
The sag generator model that is created by researcher [4] using PSCAD software has been modified. The existing sag generator is not compatible to varying the point-on-wave of sag initiation and phase shift of sag, but it varies the magnitude and duration of sag only. Therefore, a new sag generator model is created to vary the sag magnitude, sag duration, point-on-wave of sag initiation and phase shift of sag. An example of voltage sag event waveform produced by a sag generator will appear in Graph Frame as shown in Fig.  2 .
B. AC Contactor Model
A paper by Hasmaini M. and Khalid M. Nor [4] presents the development of ac contactor circuit as shown in Fig. 3 . The resistor and inductor represent the coil impedance and the contact indicates the switch/contact of the ac contactor. The sag generator model is applied to inject the voltage sag to the circuit. On the other hand, the resistive load represents lamp resistance, which is connected to the ac contactor circuit. The ac contactor custom model development is divided into two main parts: 1) the magnetic force production based on mathematical equations (1) This model is developed based on the real ac contactor working principle where the ac contactor will start to disengage if the supply voltage drops in which the minimum value of the magnetic force (Fmag) is less than the spring force (Fs). The spring force value is a constant value obtained from the measurement.
IV. SIMULATION OF AC CONTACTOR
A. List of Simulation
AC contactor was simulated against the ideal sine wave of voltage sags. Which was the first tested against the impact of sag magnitude and duration. The second was tested against the impact of point-on-wave of sag initiation. The third was tested against the impact of phase shift of sag and finally, is tested against the impact of point-on-wave and phase shift simultaneously. The simulations were conducted to establish the ride through capability of an ac contactor rated at 240V/50Hz
B. Simulation Results 1) Case 1-The impact of sag magnitude and duration
A simulation was conducted to establish the MSSHIV. The MSSHIV is determined by gradually decreasing the magnitude and duration of sag until the ac contactor is disengaged. It is important because it provides a baseline to compare ac contactor behavior during sags in which pointon-wave and phase shift are introduced. Fig. 4 shows some of these results. Fig. 4(a) shows the voltage source and coil current waveform when voltage drops to 50% (120V) at 0.1s and recovers at 0.3s. Fig. 4(b) displays the status of contact signal that changes from 'close' to 'open' state when the magnetic force value drops below the constant spring force value. This ac contactor will remain disengaged and unchanged even when the sag recovers to the nominal voltage. The tables below describe the simulation results (see TABLE I ). Sign 'E' denotes the 'engage' result and sign 'D' denotes the 'disengage' result. In order to better understand the ac contactor performance, the ride through capability curve is drawn to display the MSSHIV. SEMI F47 standard [11] is used. The ride through capability curve is drawn when a few points are selected from the simulation result as exhibited in TABLE I. The points at the border outside the highlighted area indicate the selected points representing a border of 'pass' through ac contactor of sag events.
The ride through capability curve for this case is shown in Fig. 5 . From this curve, MSSHIV value for the ac contactor is 130V or 54.17% at its rated 240V with 0.065s minimum duration. The result implies that for any voltage sag duration with magnitude less than 54.17%, the ac contactor will start to disengage. This voltage sag value is the critical value, which determined the sensitivity level of voltage sag. It is observed that the results in this simulation are exactly the same as the experiment results conducted by previous researcher [4] . 
2) Case 2-The impact of point-on-wave of sag initiation
The Point-on-wave of sag initiation is adjusted in step of 30 o in the range of 0 o up to 360 o . For each adjusted voltage sag magnitude and point-on-wave, the duration of the sag is progressively increased until the contactor disengages or up to a one second. For all this point, the sag magnitude, duration and point-on-wave values are recorded. The simulation is performed that the sensitivity of ac contactor is repeated with the same influence at angles between 0 o and 180 o . Fig. 6 clearly shows the influence of the point-on-wave of sag initiation on ac contactor sensitivity when the entire curves are compared to the MSSHIV curve. The most sensitive of the ac contactor that is when 90 o point-on-wave was introduced during the voltage sag. This is shown by the area under the curve, which the 90 o curve presents the biggest area.
It is evident in Fig. 6 a voltage collapse at one point-onwave can have a very different effect on the ac contactor response when compared to identical voltage sag at another point-on-wave. Also, the difference in the critical sag duration for different point-on-wave can be as big as one cycle (20ms).
3) Case 3-The impact of phase shift of sag
The phase shift of sag is adjusted in step of 30 o in the range of 0 o to 90 o and -90 o . For each adjusted voltage sag magnitude and phase shift, the duration of the sag is progressively increased until the contactor disengages or up to one second. Fig. 7 shows the most sensitive of the ac contactor when -30 0 phase shift is introduced during the sag compared to the MSSHIV curve. Therefore, it clearly shows the influence of phase shift on ac contactor performance. As can be seen in Fig. 7 , the phase shift is influenced by the increase of the critical sag magnitude. Fig. 8 shows the sensitivity of the ac contactor increases if -30 0 phase shift of sag and 90 0 point-on-wave of sag initiation simultaneously are introduced during the sag. Fig. 9 can be used for drawing conclusion of ac contactor performance during voltage sags. The most sensitive level is 57.5% remaining voltage of nominal voltage. Fig. 9 also shows the comparison of the entire curve for most sensitive of ac contactor with the SEMI F47 standard. Thus, it can be observed that the difference in the critical sag duration can be as big as one and a half cycle (30ms) and the difference in the critical sag magnitude can be as high as 8% within first 200ms of duration.
4) Case 4-Theimpact of point-on-wave and phase shift simultaneously
As can be seen in Fig. 9 , all curves become horizontal when approaching 60ms duration. These values can be considered as the steady state characteristics of the ac contactor. V. CONCLUSION A detailed simulator tool for the sensitive analysis of ac contactor to voltage sags has been proposed. This paper describes the simulation procedure used to study and better understand the behavior of ac contactor when subjected to voltage sags. The ac contactor is expected to remain engaged if the magnitude of sag is equal or higher than the MSSHIV value. However from simulation results, the result has proven otherwise. Although at first glance certain magnitude of voltage sag with specific duration will always cause the ac contactor to disengage when the point-on-wave and phase shift is introduced during sags. Nevertheless, this clearly proves that ac contactor performances during sags is not solely dependent upon the sag magnitude and duration but also the point-on-wave and phase shift in which the voltage sag occurs as a very important aspect of ac contactors behavior. This study also produces some ride through capability curve to illustrate the worst case of voltage sags that can affect the performance of ac contactor. This is different from the existing standard of power a quality study, which does not include the point-on-wave and phase shift characteristics during the construction of the ride through capability curve. By having this simulator tool, the sensitivity of practical ac contactor can be identified without having to perform laboratory experiments.
For assessing the process sensitivity, single device type performance data is needed. The ride through capability curve over each of the sensitive equipment will assist the customers to determine the minimum supply for the equipment to operate. Therefore, it will improve the operation of the sensitive equipment.
